Viscumin of mistletoe (Viscum album L.) has a concentrationdependent activity profile unique to plant AB-toxins. It starts with lectin-dependent mitogenicity and then covers toxicity and cell agglutination, associated with shifts in the monomer/ dimer equilibrium. Each lectin subunit harbors two sections for ligand contact. In the dimer, the B-chain sites in subdomain 2g (designated as the Tyr-sites) appear fully accessible, whereas Trp-sites in subdomain 1a are close to the dimer interface. It is unclear whether both types of sites operate similarly in binding glycoligands in solution. By systematically covering a broad range of lactose/lectin ratio in isothermal titration calorimetry, we obtained evidence for two sites showing dissimilar binding affinity. Intriguingly, the site with higher affinity was only partially occupied. To assign the observed properties to the Trp/ Tyr-sites, we next performed chemically induced dynamic nuclear polarization measurements of Trp and Tyr accessibility. A Tyr signal, but not distinct Trp peaks, was recorded when testing the dimer. Lactose-quenchable Trp peaks became visible on the destabilization of the dimer by citraconylation, intimating Trp involvement in ligand contact in the monomer. Fittingly, Tyr acetylation but not mild Trp oxidation reduced the dimer hemagglutination activity and the extent of binding to asialofetuin-Sepharose 4B. Altogether, the results attribute lectin activity in the dimer primarily to Tyr-sites. Full access to Trp-sites is gained on dimer dissociation. Thus, the monomer/ dimer equilibrium of viscumin regulates the operativity of these sites. Their structural divergence affords the possibility for differences in ligand selection when comparing monomers (Tyr-and Trp-sites) with dimers (primarily Tyr-sites).
Introduction
Cell surfaces are equipped with biochemical signals by the spatially prominent presentation of carbohydrate chains of cellular glycoconjugates. These membrane glycans can interact with endogenous lectins, but they also serve as docking sites for pathogens and bacterial or plant toxins (Solís et al., 2001; Gabius et al., 2004; Villalobo et al., 2006) . An example for the latter case is the family of the AB-type (or type II) ribosome-inactivating proteins (RIPs) (Rüdiger and Gabius, 2001; Hartley and Lord, 2004; Stirpe, 2004) . Typically, the A-chain is an rRNA N-glycosidase that starts its deadly action on eukaryotic ribosomes after the toxin contact formation to cells via the lectin activity of the B-subunit and subsequent internalization (Endo, 1989) . In monomeric ricin, the best-studied model case, the binding to surface galactosides engages the B-chain subdomains 1α and 2γ that share central positioning of an aromatic ring, that is, Trp-37 and Tyr-248 (Robertus and Monzingo, 2004) . A mutation in the 2γ high-affinity site by introducing a phenylalanine or a histidine instead of the Tyr residue is observed in the nontoxic RIPs ebulin (from Sambucus ebulus L.) and Ricinus communis agglutinin (RCA), respectively, raising the question of whether such a substitution in the lectin domain may be responsible for the loss of toxicity (Hatakeyama et al., 1986; Pascal et al., 2001) . In this respect, viscumin, the galactoside-specific AB-type RIP from mistletoe (Viscum album L.), poses a different question.
As shown in Figure 1 , its two carbohydrate-binding sites are characterized by Trp-38 at subdomain 1α (hereafter referred to as the Trp-site) and Tyr-249 at subdomain 2γ (hereafter referred to as the Tyr-site) (Sweeney et al., 1998; Krauspenhaar et al., 1999; Niwa et al., 2003; Mikeska et al., 2005) . An inactive third site at subdomain 1β lacks the ability of sugar binding because of the replacement of key polar side chains by rather hydrophobic residues (Mikeska et al., 2005) . In contrast to ricin, viscumin can form noncovalent [AB] 2 homodimers already at submicrogram-per-mL concentrations via contacts at subdomain 1 of adjacent Bchains ( Figure 1 ) (Olsnes et al., 1982; Sweeney et al., 1998; Krauspenhaar et al., 1999; Niwa et al., 2003; Jiménez et al., 2005) . Focusing on sugar binding, it is unclear whether and how the two sites may cooperate in binding glycoligands depending on the quaternary structure, although the positioning of the Tyr-sites separated by 87 Å on one face of the dimer and the Trp-sites only 15 Å apart close to the interface (Niwa et al., 2003) might explain its remarkable sensitivity to the topological aspects of ligand display. This property was monitored with glycoclusters and N-glycans substituted by bisecting GlcNAc or core fucosylation (Unverzagt et al., 2002; André et al., 2003 , André, Unverzagt, et al., 2004 . In line with the mentioned quaternary structure, the biological activity profile, too, shows a unique dependence on concentration: viscumin is mitogenic for immune and tumor cells in vitro and in vivo at low concentrations (ng mL ), toxic when increasing the concentration and then also a veritable agglutinin and signal elicitor (Olsnes et al., 1982; Hajto et al., 1990; Timoshenko et al., 1999 Timoshenko et al., , 2001 ; Kunze et al., 2000; Gabius et al., 2001; Jiménez et al., 2005) . Thus, the occurrence of a dynamic monomer/dimer equilibrium appears to enable viscumin to cover the functional spectrum of the AB-type monomeric/dimeric protein pairs present in other plants, for example, in R. communis, where a strictly dimeric agglutinin (RCA) is synthesized in addition to the monomeric toxin ricin (Jiménez et al., 2005) .
In this study we have thus first explored the functionality of the carbohydrate-binding sites in dimeric viscumin. The thermodynamic parameters for the binding of lactose to the viscumin dimer have been evaluated calorimetrically covering a wide range of ligand/lectin ratio, hereby moving beyond the scope of a previous study (Bharadwaj et al., 1999) . The two sites could be separated not only by the level of occupancy but also by a noticeable difference in binding affinity. To attribute ligand association to either the Trp-or the Tyr-sites, we strategically applied a nuclear magnetic resonance (NMR)-spectroscopic method designed to probe surface accessibility of Trp/Tyr residues in proteins-that is, the laser photo chemically induced dynamic nuclear polarization (CIDNP) approach (Kaptein et al., 1978) and determined the effect of lactose presence on the Trp and/or Tyr signals. To analyze the monomer functionality, we exploited chemical modification with N-acetylimidazole or citraconic anhydride that led to monomerization as previously reported (Jiménez et al., 2005) . Taking advantage of this destabilization of the dimer, the laser photo CIDNP spectra of native and citraconylated viscumin could then be compared to pinpoint a dependence of Trp-site accessibility on the extent of monomerization. In addition, the role of the Trp-and Tyr-sites in binding to glycoproteins and erythrocyte surfaces was probed by target-selective amino acid modification. The results reveal that the functionality of the different sites is regulated by the monomer/ dimer equilibrium. Together with the distinct thermodynamics, we therefore delineate a new structural aspect of this astute strategy to combine toxin/agglutinin activities in one AB-type protein and propose its relevance for switching glycan selection.
Results

Thermodynamics of lactose binding to viscumin
The structural nonidentity of the two sites per B-chain in the crystal structure of the viscumin-galactose/lactose complexes (Niwa et al., 2003; Mikeska et al., 2005) engenders interest in determining occupancy with lactose and the characteristics of binding in solution. As a means to evaluate both issues-that is, stoichiometry and thermodynamic properties-we used isothermal titration calorimetry (ITC). Because the two sites per monomer may differ in their affinity for lactose, it was essential to cover a broad ligand/lectin ratio. Toward this aim, a series of measurements were carried out using different viscumin concentrations, from 3 to 30 mg mL −1 (B-chain concentration 50-500 μM), at which the protein definitely occurs as a dimer (Jiménez et al., 2005) . Representative titration profiles are shown in Figure 2 . None of the results from the individual titrations could be fitted to a one-set-of-site model. The best fit of experimental data was always obtained using a two-site model, consistently providing evidence for the presence of one set of sites for lactose per B-chain with an association constant in the order of (0.8-1.3) × 10 3 M −1 at 25°C and a second site showing increased affinity for lactose (K a around [1.1-2.2] × 10 4 M −1 ) but only partial occupancy. At this point, it is necessary to take into account that the shape of the binding isotherm is determined by the unitless parameter c, which depends on the total protein concentration in the cell, the site stoichiometry (n), and K a (c = [viscumin] tot × n × K a ), shifting from rectangular curves for large c values (>5000) to nearly horizontal traces for low c values (∼0.1). Only for c values in the range 1 ≤ c ≤ 1000, the shape is reasonably sensitive to changes in binding affinity, and the isotherms can be deconvoluted to obtain accurate association constants (Wiseman et al., 1989) . Accordingly, for n = 1, protein concentrations above 0.1 and 1 mM should be employed for K a values of 1 × 10 4 and 1 × 10 3 M −1
, respectively. Unfortunately, attempts to obtain clear viscumin solutions at concentrations >30 mg mL −1 (B-chain concentration 0.5 mM) were unsuccessful, precluding using more appropriate experimental conditions for a precise determination of the 10 3 M −1 range constant. However, measurements at viscumin concentrations near the maximum defined by the natural solubility level are suitable for accessing of both the stoichiometry and association constant of the high-affinity site. Accordingly, these parameters could be reasonably estimated by considering those values that simultaneously result in the best fit to datasets from two different titrations at viscumin concentrations of 0.38 and 0.5 mM. Again, the best fit of experimental data was for K a . The particular stoichiometry for binding is in principle compatible with an average of one lactose molecule bound to this type of site per viscumin dimer. In addition, data deconvolution came up with a value of (1.10 ± 0.05) × 10 3 M −1 for the association constant of the low-affinity set of sites, comparable with that found in the previous microcalorimetric analysis (Bharadwaj et al., 1999) , and estimated enthalpy values for each set of sites were ∼50 kJ mol . Although these values must be considered approximate, due to the inherent limitations imposed by the conditions used for data acquisition and analysis, it was evident that the binding was enthalpically driven, consistent with van der Waals contacts and hydrogen bonds to establish main forces stabilizing the complexes. Also, it exhibited enthalpy-entropy compensation, as typically observed for lectin-sugar interactions.
The previously demonstrated destabilization of the viscumin dimer by citraconylation (Jiménez et al., 2005) could in principle have offered the opportunity to explore the properties of lactose binding in the monomer. Unfortunately, the solubility of the protein decreased noticeably on chemical modification, the highest concentration achieved being just about 70 μM, thus precluding being able to satisfy the concentration requirements for reliable ITC measurements. Having herewith detected differences in the level of occupancy and affinity of the two types of sites per B chain, the ensuing question on the structural assignments for these two sites was addressed spectroscopically. The presence of the aromatic ring of either a Trp or a Tyr residue in the sites as key determinant for stacking with the galactose moiety prompted these experiments. A pilot survey of the effect of lactose binding on the intrinsic fluorescence of viscumin on excitation at 295 nm (Trp fluorescence) yet showed no significant changes on saturation of either the native protein or its citraconylated derivative. This result is not at all surprising considering that the contribution of Trp-38 to the total fluorescence activity of viscumin may be small because of the large number of Trp residues present in the molecule (11 residues). Also the inspection of the circular dichroism behavior showed no changes in the near-UV spectrum of viscumin on saturation with lactose. However, lactose binding to the citraconylated lectin induced a small but significant increase (∼30 grad·cm 2 dmol −1 ) in negative ellipticity at 290-291 nm (data not shown). This finding was taken as a hint for the involvement of a Trp residue in sugar binding in the viscumin monomer. It warranted further experiments to assign ligand association to the Trp/Tyr-sites, using a more sophisticated method. The laser photo CIDNP technique that determines ligand vicinity to aromatic rings in proteins was therefore recruited toward this end.
Analysis of the involvement of tryptophan and tyrosine side chains in lactose binding by laser photo CIDNP
The laser photo CIDNP approach was used as powerful measure for lactose-dependent changes in tryptophan and/ or tyrosine accessibility. At the standard concentration of the laser-reactive dye flavin I mononucleotide (5 mM), and even after stepwise increases of the dye concentration up to 15 mM to avoid missing a signal with the flavin sensor, no distinct Trp peaks could be reliably discerned for dimeric viscumin but a signal attributable to reactive tyrosine side chain(s) was observed ( Figure 3A ). The formation of protein aggregates had a negative impact on the signal-to-noise ratio that prompted the increase in dye concentration. Should a Tyr residue be involved in ligand binding, the addition of lactose will reduce the signal. The situation, however, is confounded by the presence of five Tyr residues with the areas of surface accessibility between 52 and 126 Å already in the B-chain. We therefore had to adapt the laser power to enable discrimination among the contributing residues. Indeed, under selective conditions, the Tyr-dependent signal was visibly quenched in the presence of lactose ( Figure 3B ). To explore the response of Tyr and Trp residues to lactose presence in the monomer, we assayed the citraconylated lectin. When examining the monomer at the standard dye concentration (5 mM), the signal for Tyr and, importantly, also the three characteristic Trp peaks (d 1 , e 3 , and h 2 ) were visible ( Figure 3C ). Based on surface accessibility data, these signals were assigned to Trp-38, which reaches the largest extent of solvent exposure (72 Å 2 ). The accessible surface area of the other eight Trp residues in the B-chain ranged from 0 to 35 Å, far below a reasonable value for a significant contribution to a CIDNP signal. Trp-38 side chain thus becomes fully reactive to the flavin I mononucleotide dye after the dissociation of the dimer. Evidently, this result implies that its strategic presentation to the solvent in the monomer will also facilitate the binding of sugar ligands. To provide evidence for the involvement of Trp-38 in ligand binding in solution, we carried out a series of experiments in the presence of lactose. Indicative of contact, the sizes of the Trp signals were drastically reduced ( Figure 3D ). The same happened to the Tyr signal, as likewise has been seen for the dimer. Thus, Trp is definitely shown to be a contact site in the monomer. To add an independent line of evidence for a different operativity of the Trp-sites in dimers and monomers, we pursued the indications that chemical modification of Trp/Tyr affects ligand-binding activity systematically. These experiments used group-specific reagents and were performed with dimers/ monomers without/with lactose.
Effect of group-specific chemical modification on binding of viscumin to asialofetuin-Sepharose 4B
The impact of lactose presence on the Tyr/Trp-dependent laser photo CIDNP signals and of dimer dissociation on Trp reactivity with dye pointed to an influence of the quaternary structure on the accessibility of the Trp-sites. A binding assay should engage a multivalent ligand to probe for spatial vicinity of operative sites to spot differences. Affinity chromatography on immobilized bovine asialofetuin-a glycoprotein containing both three N-and three O-glycosidically linked carbohydrate chains, which has been amply proven to be an effective ligand for the lectin especially because of its type I-branched triantennary N-glycans (Gupta et al., 1996; Dettmann et al., 2000; André et al., 2006) -was used for this purpose. As expected, the dimeric viscumin was completely retained on an asialofetuinSepharose 4B resin in the control experiment and could be specifically eluted by addition of 0.1 M lactose (Figure 4 ). With this setup, we proceeded to analyze the effect of chemical modification on lectin activity, starting with N-bromosuccinimide treatment. Controlled oxidation of the dimer in the absence of lactose of up to 3.7 tryptophan residues per B-chain had no significant effect on the chromatographic behavior of viscumin, the total amount of modified protein being retained on the column (Table I) . To enable to reach a conclusion on the role of Trp-38, it was essential to prove that this residue was subject to modification. The oxidation of Trp-38 under these conditions was confirmed by mass spectrometry of the tryptic digests of viscumin ( Figure 5 ). In detail, the signal intensity of the unmodified peptide B(26-41) (DDDFHDGNQIQLWPSK, monoisotopic mass 1914.86 Da) decreased ∼40% on oxidation of one Trp residue per monomer and was only 20% compared with the native protein when four Trp residues were modified. Therefore, the integrity of Trp-38 is evidently not essential for binding of the dimer to immobilized asialofetuin. Under these mild oxidation conditions, the presence of lactose resulted in the protection of 0.65 ± 0.15 groups from modification (Table I ). To exclude a nonspecific effect, we tested an inert carbohydrate at the same concentration as control. The presence of 0.1 M glucose during the modification yielded no protection, demonstrating that the effect of lactose was specific. The observed partial protection may be accounted for by an average of one Trp residue per viscumin dimer being protected by lactose. The result that one lactose molecule bound to the Trp-sites per viscumin dimer is in full accordance with the ITC-derived stoichiometry for the high-affinity site. Further oxidation of most likely less accessible tryptophan residues at increased N-bromosuccinimide concentrations resulted in a notable decrease in binding activity (Table I) , confirming the previously reported data on solid-phase assays of the lectin binding activity and excluding an influence of the different experimental designs on the result. The presence of lactose during the modification did not protect from the loss of activity under these conditions, indicating that a conformational change of the protein rather than the oxidation of the Trp residue directly contacting the ligand is responsible for the observed behavior at this level of oxidation. Having herewith studied the effect of Trp modification under different conditions, we next turned to testing reagents with Tyr specificity. The iodination of Tyr residues did not reduce binding to asialofetuin-Sepharose 4B. The presence of two di-iodinated Tyr moieties was deduced from measurements of absorbance at 313 nm (see Materials and methods), and peptide mass mapping data confirmed that at least three of them were mono-or di-iodinated. However, peptide B(246-263) was not visible in the mass spectra of the tryptic digest of native viscumin, excluding the possibility of checking the modification of Tyr-249 by analysing the peptide mass fingerprint. We next tested acetylation with N-acetylimidazole, which markedly impaired the lectin activity (Table I) . When a 1000-fold molar excess of reagent was used, ∼50% of the protein was not retained on the column (Figure 4) . Under these conditions, 10 of the 17 Tyr residues present per viscumin monomer were modified. Although, as reported above, the modification of Tyr-249 could not be monitored by mass spectrometry, the derivatization of this Tyr residue, one of the five most exposed Tyr residues with a surface accessibility value area of 85 Å 2 , appears highly likely. The presence of lactose precluding modification only at the contact site should prevent the loss of activity to support this notion. Experimentally, binding activity was preserved when the modification was carried out in the presence of lactose. At this point, it is essential to recall that acetylation with N-acetylimidazole, similar to citraconylation, promotes the dissociation of viscumin dimers into monomers (Jiménez et al., 2005) , with the concomitant increase in the accessibility of the Trp-sites as evidenced by the laser photo CIDNP studies. Thus, the involvement of these sites in the binding of viscumin monomers to immobilized asialofetuin may account for the observed partial retention of the Tyr-acetylated protein on the column. To complete systematic monitoring of effects of this chemical modification, we used high reagent concentration. Extensive acetylation using a 10,000-fold molar excess of reagent resulted in a further deterioration of binding activity (Figure 4 ). It should be noted that, in addition to Tyr residues, primary amino groups could also be acetylated via side reactions, and thus, the acetylation of lysine residues in the binding site could be responsible for the additional loss of binding. Indeed, the side chain of Lys-41 in the Trp-site appears to participate in sugar binding in the crystal (Niwa et al., 2003) . Supporting our line of reasoning, the presence of lactose during the modification safeguarded ∼90% of the binding activity. To be able to separate effects on Tyr residues/ amino groups, we consequently proceeded to analyze deliberate modification of amino groups. The selective citraconylation of amino groups resulted in a 50% decrease in binding activity (Table I) , and lactose clearly protected one group from modification. The citraconylation reaction also had some deleterious effects on the protein so that the carbohydrate-binding activity was only completely protected by the presence of the ligand when mild modification conditions were used. To complement this interaction study with the glycoprotein as ligand and retention on the resin as parameter, we also studied the potency of chemically modified viscumin as agglutinin.
Effect of group-specific chemical modification on hemagglutination
Hemagglutination assays determine the capacity of the chemically modified lectin as cross-linker for cells. Mild tryptophan oxidation, which did not affect resin binding, had no effect on the agglutination of human erythrocytes (Table I) , the modified protein exhibiting the same hemagglutination titer as the native one (12.5 μg mL
−1
). This behavior points to the Tyr-sites being mainly responsible for the observed activity, and, indeed, extensive acetylation with N-acetylimidazole reduced the activity of viscumin as agglutinin 40-fold (Table I ). The presence of lactose during the modification prevented the loss of activity, the concentration of viscumin required to bridge erythrocytes being only 2-to 5-fold increased after derivatization. As noted when monitoring resin binding, citraconylation was also effective to impair binding activity, the titer increasing up to 165 μg mL −1 . Again, lactose prevented the loss of activity. Considering that citraconylation and acetylation reduce the integrity of the viscumin dimer (Jiménez et al., 2005) , our data on hemagglutination imply cooperation between the two types of carbohydrate-binding site present per Bchain-that is, the Tyr-and the Trp-sites-in erythrocyte cross-linking.
Altogether, the results attribute lectin activity in the dimer primarily to Tyr-sites, whereas the full access of glycoligands to Trp-sites is only gained on dimer dissociation. When considering the evidence from crystallographic studies, this concept is apparently in conflict with the observation that saccharide binding to both the Tyr-and the Trp-sites is observed in the crystal structure of viscumin in complex with lactose. Of note, buffer conditions were conspicuously different in our experiments and in the crystallographic studies. Assuming that this increased accessibility to the Trp-sites in the crystal could result from the conditions used to favor crystal growth, we investigated the stability of the viscumin dimer in that buffer system, namely 0.2 M glycine-HCl, pH 2.5 (Mikeska et al., 2005) .
Gel filtration behavior of viscumin at pH 2.5
The issue on a possible impact of the crystallization conditions on the concentration-dependent monomer/dimer equilibrium of viscumin (Jiménez et al., 2005) was addressed by gel filtration on a Superose 12 column equilibrated with the mentioned buffer system (see Materials and methods). The elution time of viscumin at concentrations of 3-10 mg mL −1 was 26.1 ± 0.1 min, somewhat higher than that observed for the dimeric RCA (24.6 ± 0.2 min) ( Figure 6 ). The analysis of increasingly diluted solutions, 1-0.01 mg mL −1 , showed a progressive shift of the peak maxima up to 28.5 ± 0.1 min (Figure 6, inset) . This position approaches the elution time observed for monomeric ricin (29.5 ± 0.1 min). Thus, the results are in line with the dissociation of viscumin dimers into monomers at the tested protein concentrations. Assuming a typical dilution factor of 10, as estimated from the ratio of width at half-height of the peak to the injection volume, dissociation became detectable at eluted concentrations <100 μg mL −1 . This concentration is >30-fold higher than that found at neutral pH (3 μg mL −1 ) (Jiménez et al., 2005) , evidencing a clear shift in the monomer/ dimer equilibrium to the monomer and suggesting a weakening of the monomer-monomer interactions in the dimer interface at pH 2.5.
Discussion
Viscumin is special among plant AB-type toxins because of its concentration-dependent quaternary structure and activity. It is mitogenic at very low concentrations on lymphocytes and tumor cells, can act as potent toxin as monomer, and avidly binds to cells as dimer with maintained toxicity Jiménez et al., 2005) . Hereby, it covers the functional spectrum of pairs of separate monomeric/dimeric AB-type proteins found in other plants. The results reported here reveal that the functionalities of the carbohydrate-binding sites of the toxin are also orchestrated by the elegant monomer/dimer equilibrium strategy embodied by viscumin to combine toxin/agglutinin activities in one protein.
Viscumin poses the intriguing question on how it can act as potent cross-linking protein for eliciting biosignaling and cell aggregation. Structurally, two binding sites per monomer are observed in the crystal structure, which are assumedly operative in solution, whereas a potential third binding site was found to lack the ability of sugar binding because of detrimental amino acid substitutions at key positions (Mikeska et al., 2005) . Precipitation analysis and a previous microcalorimetric study had proven at least monovalency for viscumin B-chain (Gupta et al., 1996; Bharadwaj et al., 1999) . The cross-linking of cell glycans and the importance of spatial parameters for ligand properties are in line with our results on the dimer affinity level and glycan contact to at least one site per monomer (Gupta et al., 1996; André et al., 1999 André et al., , 2001 Dettmann et al., 2000; Gabius, 2001) . By deliberately covering a broad ligand/lectin ratio, sugar binding to a second set of sites is also detected in solution. Of note, major contact sites engage Trp or Tyr for stacking, and our thermodynamic data thus characterize binding to two sites different from each other in the nature of the aromatic ring. Structurally, the Tyrsites in the viscumin dimer have no obvious impediments to the binding of lactose, whereas the Trp-sites are located only 15 Å apart from each other and are close to the interface (Figure 1) . Inevitably, dimerization may impose steric restrictions on the binding to these sites, accounting for partial lactose occupancy. The weakening of monomermonomer interactions at pH 2.5, suggested by the marked shift to the monomer in the concentration-dependent monomer/dimer equilibrium of viscumin, should undoubtedly facilitate lactose binding to the Trp-sites, as observed in the X-ray crystal structures. Indeed, laser photo CIDNP measurements on native dimeric and chemically monomerized viscumin demonstrated that the accessibility of the Trp-38 residue in solution, the central residue of this site, to the flavin I mononucleotide dye is significantly improved in the viscumin monomer as compared with the dimer.
To relate these measurements to the physiological situation, it is essential to keep in mind that cellular glycoconjugates are generally extended beyond the disaccharide structure. It thus appears to be reasonable to presume that binding to the Trp-sites of ligands larger than lactose may encounter at least similar or even greater steric constraints as a result of dimerization. Although the accommodation of glycoprotein and/or glycolipid ligands on cell surfaces by these sites cannot be categorically excluded, the results reported here argue in favor of the notion that the carbohydrate-binding profile, commonly determined for the dimer (Lee et al., 1992; Wu et al., 1992; Galanina et al., 1997) , can be attributed to the Tyr-sites. Of note, the Trp-sites become fully operative on dissociation into monomers, as evidenced by the lectin hemagglutinating activity after chemical monomerization by either acetylation with N-acetylimidazole or citraconylation under conditions protecting the lectin activity (Jiménez et al., 2005) . Because natural dissociation into monomers takes place at viscumin concentrations in the submicrogram-per-mL level (Jiménez et al., 2005) , the Trp-site is then expected to be functional in binding to cell surfaces. Its glycan selection in cooperation with the Tyrsite is operative when first mitogenic effects are triggered. Thus, the formation of viscumin dimers could be considered a mechanism to regulate access to the Trp-site and enable separate functions.
Looking at the two sites, viscumin presents an attractive natural model to compare the efficiency of Trp/Tyr as key residue for hydrophobic contact to B-face of galactose. According to the ITC data, the Trp-sites show about 15-fold higher affinity for lactose (K a = 1.6 × 10 4 M −1 ) than the Tyr-sites. This binding affinity is in the range of that calculated from inhibition studies (Rivera-Sagredo et al., 1992; Solís et al., 1993) for the homologous agglutinin from R. communis (K a = 1.8 × 10 4 M −1 ). Here, the Trp-sites are supposed to be the only functional carbohydrate-binding sites because of the mutation of Tyr-248 to His in the relevant region at domain 2 (Roberts et al., 1985; Hatakeyama et al., 1986) . Looking at the two sites of viscumin in more detail, the crystal structure of the viscumin-lactose complex provides a possible structural basis for favored binding to the Trpsites (Mikeska et al., 2005) . Protein-lactose interactions common to the Tyr-and Trp-sites involve hydrogen bonds with the hydroxyl groups at positions 3′ and 4′ of the galactose moiety, as predicted by chemical mapping with ligand derivatives (Rüdiger et al., 2000) , and a stacking interaction with the aromatic ring-its size being different-in the binding site. As characteristic of the Trp-site, the 2′ hydroxyl group also stabilizes the sugar-protein complex, whereas no interactions of this particular group are visible at the Tyr-site (Mikeska et al., 2005) . The glucose moiety is invariably exposed to the solvent at both sites, making no contacts with the protein. As a note of caution, it should be mentioned that the information from this structure obtained at acidic pH may not completely define the protein structure at neutral conditions. In fact, the observed decrease in dimer stability underscores operativity of pHdependent processes in this special case. Thus, it may also be possible that the enhanced affinity for lactose in the Trpsite could also derive from additional contacts with the glucose unit, plausibly involving Asp-26 as presumed from an inspection of the crystal structure, whereas such contacts are not possible in the Tyr-site. The entropic side of the binding process might also have a distinctive bearing on the binding thermodynamics. The recent observations on ligand binding to hevein and pseudohevein equipped with Trp and Tyr residues, respectively, for stacking with the sugar (Asensio et al., 2000) intimate the idea that restrictions in the mobility of a rather flexible Tyr side chain on ligand stacking may contribute to an increased entropic penalty associated with binding to the Tyr-site compared with that to the Trp-site. Indeed, although the estimation of the enthalpy and entropy contribution to the binding from the present ITC data is admittedly only approximate, the best-fit parameters were consistently in line with less unfavorable entropy changes at the high-affinity site. Moreover, the case study of ebulin 1, with its Tyr/Phe substitution in subdomain 2γ and the ensuing impairment of cell binding by a subtle change in the mode the galactose moiety is accommodated, underscores how much placement of the aromatic residue matters for lectin activity (Pascal et al., 2001) . This aspect warrants to briefly adding information about bound-state conformation of ligands.
Considering the ligand structure modeling, its conformation within the global minimum is not distorted by binding but the flexibility of the penultimate sugar unit is subject to regulation (Gilleron et al., 1998; Alonso-Plaza et al., 2001; Fernández-Alonso et al., 2004) . On this level, the remarkably broad specificity for galactosides irrespective of anomeric linkage and α2,6-sialylation explains the activity of viscumin as a broad-spectrum toxin accommodating ligands with core galactose and tolerating structural extensions (Wu et al., 1992; Lee et al., 1994; Bharadwaj et al., 1999) . At this point, it is important to draw attention to the fact that none of the prior specificity studies had considered the existence of two distinct sets for carbohydrate-binding sites at different conditions, a fertile field for future studies using monomers and dimers in direct comparison. Cooperations between Trp-38 and Tyr-249 sites in the monomer and between Tyr-249/Tyr-249 sites in the dimer, the two constellations differing in spatial vicinity of sites and structure, can engender contact to different glycan populations. Eliciting mitogenicity can thus depend on distinct binding (and also cross-linking) to certain target ligands. In this context, the change of quaternary structure can also be considered as an attractive means to modulate activities for human growthregulatory lectins (Gabius, 1997; André et al., 2005) .
The dynamic monomer/dimer equilibrium for viscumin appears to achieve the same objectives as the development of two separate protein entities in R. communis, a monomeric toxin and cell-cross-linking dimeric agglutinin. The viscumin dimer harbors several contacts between domains 1 of adjacent B-chains, including the hairpin loop of subdomain 1α. In ricin and the agglutinin, this loop is stabilized by a disulfide bridge, whereas the substitution of one of these cysteines involved in this bridge, Cys-40, to serine in viscumin endows the loop with increased flexibility. This parameter has been suggested to be important for dimerization, although the relative contributions of the various interactions established at the interface to dimer stability have not yet been rigorously evaluated (Sweeney et al., 1998; Krauspenhaar et al., 1999; Niwa et al., 2003; Mikeska et al., 2005) . Evidently, the Ricinus agglutinin would be fatally harmed by such a dimerization, because its Trp-sites would then be positioned at the interface. Alternatively, the dimerization of RCA occurs through the A-chains, and the resulting dimer is covalently stabilized by a disulfide bridge between adjacent A-chains (Sweeney et al., 1997) . As a consequence, the distance between the two Trp-sites is about 100 Å, remarkably similar to that between the Tyr-sites in the viscumin dimer. Different patterns are thus adopted by the two proteins to accomplish the ultimate objective of effectively bridging cell ligands. On the contrary, although the agglutinin from Ricinus is weakly cytotoxic despite its rRNA N-glycosidase activity in a cell-free system (Citores et al., 1993) , viscumin is a strong cytotoxin, both as monomer like ricin and as dimer (Olsnes et al., 1982; Jiménez et al., 2005) . This would imply that mere binding to cell surface oligosaccharides through the Trp-sites is neither sufficient nor even necessary for yielding a toxic effect. Consequently, the occurrence of a concentration-dependent monomer/dimer equilibrium of viscumin is suggested as a means to ensure homing of monomers with two different, fully functional carbohydrate-binding sites to distinct target site of action. Therefore, it is tempting to speculate that the two sites and their positioning exert distinct roles in the biological activity of this and other AB-type RIPs.
Materials and methods
Isolation of viscumin
The galactoside-specific lectin was purified from the supernatants of the extracts of dried mistletoe leaves by affinity chromatography on lactosylated Sepharose 4B, obtained by divinyl sulfone activation, as crucial step, and analyzed for purity and activity by 1D and 2D gel electrophoresis, an enzyme-linked lectin-binding assay, cell staining, and toxicity as well as hemagglutination (Gabius, 1990; Gabius et al., 1992 Gabius et al., , 2001 André et al., 1999; Manning et al., 2004) . The protein concentration was determined by the Lowry assay using concanavalin A (Sigma, St. Louis, MO) as standard .
Chemical modifications
The reactions were carried out in the absence or presence of 0.1 M lactose to protect the carbohydrate-binding sites from modification. Tryptophan residues were oxidized by successive addition of 5-μL aliquots of a solution containing 10 mM N-bromosuccinimide to 1 mL solution of viscumin (0.5 mg mL −1 ) in 0.2 M sodium acetate buffer, pH 4.0 (Sandvig et al., 1978) . The decrease in absorbance at 280 nm was monitored after each addition, and the number of modified tryptophan side chains was calculated from this decrease by using an equation given by Spande and Witkop (1967) . Tyrosine iodination was carried out in 0.1 M sodium phosphate buffer, pH 7.0, with 0.05 N resublimed iodine in 0.1 M KI, in a proportion of 11 μL per mg of protein (Ishiguro et al., 1977) . The amount of di-iodotyrosine was determined by measuring its characteristic absorbance at 313 nm at pH 10, assuming an e 313 of 5815 M −1 cm −1 (Ishiguro et al., 1977) . The acetylation of tyrosine moieties with N-acetylimidazole was carried out in 5 mM sodium phosphate, pH 7.2, containing 0.2 M NaCl (phosphatebuffered saline [PBS]), using a 2-to 20-fold excess (w/w) of the reagent . The number of modified residues was calculated from the decrease in absorbance at 275 nm on tyrosine O-acetylation, considering a Δe 275 of 1160 M −1 cm −1 (Riordan et al., 1965) . Amino groups were modified in 0.1 M Tris-HCl, pH 8.0, using 1.3-8.4 μL of citraconic anhydride per mg of protein . Excess reagents were routinely removed by exhaustive dialysis against PBS at 4°C.
Peptide analysis by mass spectrometry
Viscumin samples were resuspended in 50 mM ammonium bicarbonate (99.5% purity; Sigma) and digested with modified porcine trypsin (sequencing grade; Promega, Madison, WI) at a final concentration of 10 ng μL −1 at room temperature for 2 h. The digestion procedure was stopped with the addition of 0.5% trifluoroacetic acid (99.5% purity; Sigma). An aliquot of the digestion solution was mixed with an aliquot of α-cyano-4-hydroxycinnamic acid (Bruker-Daltonics, Bremen, Germany) in 33% aqueous acetonitrile and 0.1% trifluoroacetic acid. This mixture was placed onto a 600-μm AnchorChip MALDI probe (Bruker-Daltonics) and allowed to dry at room temperature. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) data were obtained using an Ultraflex time-of-flight mass spectrometer (Bruker-Daltonics) (Suckau et al., 2003) . Spectra were recorded in the positive-ion mode at 50 Hz laser frequency, and 200-400 individual spectra were averaged. The detailed analysis of peptide mass mapping data was performed using flexAnalysis software (Bruker-Daltonics).
MALDI-MS spectra were calibrated with spectra obtained for the proton adducts of a peptide mixture covering the 800-3200 m/z region.
Isothermal titration calorimetry
The calorimetric titrations were performed at 25°C with an MCS Microcal titration calorimeter (Microcal Inc., Northampton, MA), as previously described (Wiseman et al., 1989) . Samples were exhaustively dialyzed against PBS, and solutions with lactose were prepared using the last dialysis buffer. The aliquots of solution containing the ligand at the indicated concentration were added to protein solutions of concentrations 3-30 mg mL
, kept in a 1.35-mL cell, in a series of injections by means of a rotating stirrer-syringe. The heat developed by ligand dilution was determined separately and subtracted from the total heat produced following each injection. The titration data were analyzed based on a binding model considering either one or two sets of noninteracting binding sites by a nonlinear least-squares algorithm using the MicroCal Origin software. The monomer concentration of the lectin was used as input in the fitting procedures.
Laser photo CIDNP method
Laser photo CIDNP experiments using a continuous-wave argon ion laser (Spectra Physics, Mountain View, CA) as source of light were performed at 33°C with solutions containing 2 mM lactose and 4 mg mL −1 of viscumin, as described in detail in studies on other lectins previously (Siebert, Adar, et al., 1997; . Briefly, the ion laser operated in the multi-line mode with emission wavelengths of 488.0 and 514.5 nm, close to the edge of the 450-nm absorption band of the added dye. The laser light was directed to the sample by an optical fiber and chopped by a mechanical shutter controlled by the spectrometer. This setup of the equipment prevented harmful heating of the protein-containing solution. The laser photo CIDNP radical reaction was initiated by addition of flavin I mononucleotide (N3 of the isoalloxazine ring substituted with CH 2 COOH and N10 with CH 3 ) as laser-reactive dye, and the irradiation led to the generation of protein-dye radical pairs involving dye-accessible (and therefore surfaceexposed) Tyr, Trp, or His residues (Kaptein et al., 1978; Siebert, Adar, et al., 1997; . The resulting light spectrum was subtracted from a dark spectrum, yielding the CIDNP difference spectrum containing only signals of polarized residues. The tyrosinedependent CIDNP effect corresponds to a spin-density distribution of the intermediate phenoxy radical with strong negative signals of the e 1 and e 2 protons and less intense positive signals for the d 1 and d 2 protons. The CIDNP signals of tryptophan are generated by an intermediate radical with strong spin density at the d 1 , e 3 , and h 2 positions of the indole unit and very small spin density at the x 2 y x 3 positions, which all produce positive CIDNP signals. The surface accessibilities of the side chains that can be reactive toward the dye were calculated using the program Surface Racer 3.0 (http://monte.biochem.wisc.edu/~tsodikov/surface.html) (Tsodikov et al., 2002) and the crystal structure of the viscumin dimer (PDB code 1OQL).
Affinity chromatography on asialofetuin-Sepharose 4B Asialofetuin (Sigma) was immobilized on cyanogenbromide-activated Sepharose 4B (Amersham Biosciences, Uppsala, Sweden) following a described protocol (Tercero and Díaz-Mauriño, 1988) . Routinely, 100 μg of lectin in PBS was applied to a 2.5-mL column, containing 4.5 mg asialofetuin per mL of resin, equilibrated with the same buffer. The flow rate was 15 mL h −1 and elution monitored at 280 nm using an LKB Uvicord S2 UV detector (LKB Biotechnology, Uppsala, Sweden) and a Shimadzu C-R8A chromatographic integrator (Shimadzu Corporation, Tokyo, Japan). The bound protein was eluted by addition of 0.1 M lactose to the buffer.
Hemagglutination assays
For the evaluation of the hemagglutinating activity, samples of Rh-positive human blood of A or B status, kindly provided by the Haematology Service at the Hospital La Princesa (Madrid, Spain), were used for erythrocyte preparation and testing yielding reproducible results. Blood was diluted 1:6 (v/v) with 5 mM sodium phosphate buffer, pH 7.6, containing 0.15 M NaCl and 10 mM sodium citrate. After centrifugation at 2800 g for 1 min, the sedimented erythrocytes were washed twice with this buffer and another two times with the same buffer without citrate. Finally, the erythrocytes were resuspended in buffer without citrate at a ratio of 1:10 (v/v). Hemagglutination assays were carried out in flat-bottomed polystyrene 96-well microtiter plates (Costar, Cambridge, MA) by incubating 25 μL of the cell suspension with 25 μL of 2-fold serial dilutions of the lectin in PBS for 2 h at 20°C. The hemagglutination titer was defined as the highest dilution still showing visual agglutination of erythrocytes.
Gel filtration
Gel filtration was carried out with a Superose 12 HR 10/30 column (Pharmacia Biotech, Uppsala, Sweden; void volume: 8.3 mL) equilibrated with 0.2 M glycine-HCl buffer, pH 2.5, with 0.02% NaN 3 , containing 0.1 M lactose to prevent interactions of the lectin with the agarose-based matrix. The flow rate was 0.5 mL min −1 , and the elution was monitored at 280 nm. Ricin and the agglutinin RCA, obtained from R. communis seeds (Jardín Botánico, C.S.I.C., Madrid, Spain) (Nicolson et al., 1974) , were fractionated as controls under similar conditions.
